INTRODUCTION
FMEA [1] was formally introduced in the late 1940's with the introduction of the military standard 1629. Used for Aerospace / rocket development, the FMEA and the more detailed Failure Mode and Effects Criticality Analysis (FMECA) were helpful in avoiding errors on small sample sizes of costly rocket technology.
The primary push for failure prevention came during the 1960's while developing the technology for placing a man on the moon. Ford Motor Company introduced FMEA to automotive in the late 1970's for safety and regulatory consideration after the disastrous "Pinto" affair. Ford Motor Company also used FMEA effectively for production improvement as well as design improvement.
A failure modes and effects analysis (FMEA) is a procedure in operations management for analysis of potential failure modes within a system for classification by severity or determination of the effect of failures on the system. It is widely used in manufacturing industries in various phases of the product life cycle and is now increasingly finding use in the service industry. Failure modes are any errors or defects in a process, design, or item, especially those that affect the customer, and can be potential or actual. Effects analysis refers to studying the consequences of those failures.
FMEA DEVELOPMENT
FMEAs are developed in three distinct phases where actions can be determined. It is also imperative to do pre-work ahead of the FMEA to assure that the Robustness and past history are included in the analysis [1] .
a)
Step 1 is to determine all failure modes based on the functional requirements and their effects. If the severity of the effect is a 9 or 10 (meaning safety or regulatory in nature) actions are considered to change the design or process by eliminating the Failure Mode if possible or protecting the customer from the effect.
b)
Step 2 adds causes and Occurrences to each Failure Mode. This is the detailed development section of the FMEA process. Reviewing the probability or occurrence number in order of the highest severity and working downwards, actions are determined if the occurrence is high (> 4 for non safety and regardless of occurrence >1 when the severity is 9 or 10).
c)
Step 3 considers testing, design verification and inspection methods. Each combination from steps 1 and 2 which are considered at risk requires the detection number to be selected. The detection number represents the ability of planned tests and inspections at removing defects or excites failure modes to fail.
After each of these steps actions are developed. Next, Risk Priority Number (RPN) is calculated. In past years, setting an RPN would immediately be met with lower numbers without any real change or improvement. This is not preventing failure, but in fact driving bad behavior of the design and process teams required to perform the FMEA.
PROCESS FMEA
There are different types of FMEA:
is used to analyze of a system or a subsystem in the early concept at design stage. It focuses on potential failure modes between the functions of the system caused by the system deficiencies. One of the most important parts of FMEA deployment is the Process FMEA, on which we focus our attention. Process Failure Mode and Effects Analysis takes a product or service design and considers all the steps that are necessary to be successful. Each step is considered as to its impact on the product or service to be provided with the idea that each step may inhibit or cause the product/service to fail. As the Process FMEA progresses, each potential cause which has risk (measured with severity, occurrence (criticality) and detection capability) is the topic of actions which are counter measures to the risk. When completed, these actions reduce risk and increase the probability of success. Process and Design FMEA are linked and should be used in coordination of timing and collaboration in feedback. The proper time to do a Process FMEA is just after the Design FMEA has indicated certain Special Characteristics which are at risk that are likely related to a process or delivery step. These characteristics, special or otherwise should be investigated and finding feedback to the product/service design team prior to design completion. This provides an excellent opportunity for the product or service design to take full advantage of the knowledge of the process experts. This collaboration can have benefits such as cost savings, Design for Assembly and Manufacturing, and increased use of Error Proofing required in order avoiding problems as opposed to detecting and sorting [1] .
FMEA SOFTWARE TOOLS
The essence of the FMEA is to identify and prevent known and potential problems from reaching the customer. This is a simple risk analysis improvement tool which prepares design and process failure modes and effects analysis (FMEA) documents conforming to most industry standards including QS9000.
To achieve high quality designs, processes, and services that meet or exceed industry standards, it is crucial to identify all potential failures throughout a system and work to minimize or prevent their occurrence or effects.
All the listed FMEA tools provide an automated solution to quickly, easily, and consistently identify the potential failure modes of the system and work to prevent or mitigate them. Supporting a wide range of industry standards, the tools enable you to identify and categorize failures, and to develop, organize, and implement a plan to address them.
PROBLEM STATEMENT
The lead free soldering would be a good example of a process FMEA based on one of existing software tools.
The most frequent failures, which can occur in the process of lead free soldering, are as follows:
Too high soldering temperature can damage a mounted component or decrease its life time.
Improper surface finish (e.g. finish with low wettability) can cause worst mechanical and electrical properties of the joint.
Improper flux can cause worst mechanical and electrical properties of the joint.
Too high time of soldering can cause recrystalization of solder and decrease a soldered joint quality.
There are many other failures joined with this process instead above mentioned ones.
The process of FMEA is a rather bit complicated and therefore it seems to be effective to find some ontology, which will formalize it.
OUR APPROACH
The goal of the work is to verify if application of the ontological approach will help to solve problems mentioned in previous section. Our advancement will be composed from the following steps. 4. Literature study of process, product and defect ontology.
5. Design of ontology of soldering process under inspection (Fig. 1 ).
6. The design of a suitable method for application of a FMEA analysis process based on ontology of a lead-free soldering process.
7. The application of above mentioned method on a lead free soldering process.
8. The comparison and evaluation of results found in steps 2 and 7.
9. Embodiment of this newly developed approach into courses oriented on quality education at our department.
Our approach is based on ontology paradigm. Ontology in philosophy is the study of the nature of being, existence or quality in general, as well as of the basic categories of being and their relations [2] . In our work we deal with the more specialization kind of ontology, i.e., the informatics or upper ontology [3] .
We propose a strong support of the analysis process by performing ontology of FMEA domain. Basically ontology is a part of philosophy science, but for the case of our intention, we will use more simple definition.
As defined by Wikipedia: "Ontology is a formal representation of a set of concepts within a domain and the relationships between those concepts. It is used to reason about the properties of that domain, and may be used to define the domain".
As noted in [4] and [5] , ontology can support the development and performance of an FMEA in two ways.
First, it offers a common understanding of the concepts of the domain of our focus and the FMEA procedure ourselves as well.
Second, the knowledge held in the ontology based model can be computationally processed.
Both these basic facts support the idea to use an ontological approach for improvement of the FMEA procedure.
One of the main benefits of using ontologies is that they enable knowledge sharing between humans and software applications by providing a common understanding of a domain. When several software applications commit to ontology, it is guaranteed that they will use a term with the same meaning as specified in the ontology.
A consequence of sharing a common ontology between applications is that they will also share the terminology defined in the ontology. Ontologies provide declarative, machine readable representations that enable an unambiguous communication between software agents.
Ontologies expose implicit knowledge that has been previously hidden in domain assumptions or in the implementation of an application. There are several benefits for exposing this knowledge. First, the domain assumptions and implementation may be checked for correctness. Second, reuse of existing models is facilitated because they become visible to the external world and they can be searched for.
According to [5] the ontological based system FMEA analysis is performed according to the following five main phases:
1. Structural analysis.
2. Functional analysis.
3. Migration of environmental agents.
4. Searching for degradations.
Selection and application of degradations.
This proposed method is very proper designed, but in our case of soldering process we need the method for the process, not for the system, analysis. On the other hand, the aforementioned method is a good inspiration for our achievement. The right design of the method performing the ontological based process FMEA analysis, the step 6 in previous text, is a key factor of our approach.
The main contribution of ontology based approach is a clear and consistent graphical description and visual presentation of all FMEA concepts and dependencies. More simply, the FMEA ontology performs a synergy effect for an analyst. Despite the fact that storage of all FMEA concepts and dependencies in form of the ontological model in computerised form allows us a computerized processing, searching and reporting of these facts.
ONTOLOGY EDITORS
In the last years, a high number of environments for ontology construction and ontology use have appeared. Tool support is really important both for the ontology development process (ontology building, annotation, merge, etc.) and for the ontology usage in applications, such as electronic commerce, knowledge management, the Semantic Web, etc. a) Protégé-2000 by Stanford University [6] Protégé-2000 is the latest tool in an established line of tools for knowledge acquisition. Protégé is a free, open source visual ontology editor and knowledge-base framework. The Protégé platform supports two main ways of modeling ontologies via the Protégé-Frames and Protégé-OWL editors. Protégé ontologies can be exported into a variety of formats including RDF(S), OWL, and XML Schema. There are a large number of third-party plugins that extends the platform's functionality. Protégé-2000 provides a graphical and interactive ontology-design and knowledge-base-development environment. b) SemTalk by Semtation GmbH company [7] SemTalk2 is the first professional modeling tool based on MS Office for the creation and editing of ontologies using OWL (Web Ontology Language) (W3C recommendation). SemTalk allows to model concept models in a structured way, based on the graphical user interface of Microsoft Visio. Visio shapes help for a better understanding of these models. c) JOE by University of South Carolina [8] Java Ontology Editor (JOE) is a software tool, written in Java that provides a graphical user interface for creating or editing ontologies, and formulating queries by the point-and-click approach. Queries are formulated on the information space that is displayed by the ontology editor. The use of Java provides advantages in distribution, security, and portability.
d) SWOOP by University of Maryland [9] SWOOP is a lightweight ontology editor. (Swoop is no longer under active development at Mindswap.) Particulary, in our research, we applied SemTalk editor to create ontology scheme for reflow soldering process (Fig. 1) .
The existing ontology tools neither do interoperate nor do not cover all the activities of the ontology life cycle (just design and implementation). Depending on ontology goal we want to cover a particular ontology software tool will be chosen.
PROCESS, PRODUCT AND DEFECT ONTOLOGY
Process ontology is a description of the components and their relationships that make up a process. Formal process ontology is ontology in the knowledge domain of processes. Often such ontologies take advantage of the benefits of an upper ontology. Planning software can be used to perform plan generation based on the formal description of the process and its constraints. Numerous efforts have been made to define a process/planning ontology [10] .
Product ontology defines all possible/impossible configurations (instances/values) for a given product by specifying its relevant classes, (datatype and object) properties (including min/max cardinalities and relevant underlying datatypes) covering one or more product LC phases:
Design; Built (realize, manufacture, construct, etc.); Operate (use/exploit, manage, maintain the product by the end-user).
A defect (fault) is detected in software when the developer makes a mistake due to a typo, poor understanding of some processes, principles, and so on. A defect is a coded mistake of the developer. To detect defects in software it is necessary to accurately classify them. The following defects described aboveare creating the defect ontology.
As a result, after intensive studying of literature of process, product and defect ontology, we found out that electrotechnology area is not deeply learnt from this side yet.
LEAD FREE SOLDERING PROCESS ONTOLOGY
Leadfree soldering process is a joining technology, which substitutes, for the long time used, Sn-Pb soldering. The reason is that Pb is not a nature friendly metal and therefore solders based on an alloy Sn -Pb have been interdicted from the use since the year 2006. However, the use of new types of lead free solders is joined with new problems, e.g. with the use of new types of fluxes, with higher temperature of soldering, or with worst surface quality of the joints [9] . Therefore it is necessary to carry out a new FMEA analysis to find critical possible failures of lead free soldering process and their impact on quality of soldered joints. An ontology which will be aplied for leadfree solderinng process will give not only a better view and understanding of possible failures but also will help to control the whole process in future (Fig. 1) .
Designed leadfree soldering process ontology will be a good base for inventing the suitable method for application of a FMEA analysis process. Fig. 1 . A proposed ontology scheme for reflow soldering process (using SemTalk editor).
RESULTS
This paper is describing main steps for FMEA process and development, existing software tools and applying this data for ontology deployment for leadfree soldering process.Ontology technology is nowadays mature enough: many methodologies, tools and languages are already available and some of them were reviewed within this paper. A design of leadfree soldering process ontology was developed and taken as a base for creating a suitable method for application of FMEA analysis process. The future work in this field should be driven towards the creation a bridge between ontology software and FMEA methodology.
The authors have been working on herein presented approach as far as back two years. The first draft proposal of this approach has been published in [11] and more elaborated ideas in [12] .
The present state of our work is in the phase of performing steps 6 to 9. A preliminary proposal of the soldering process ontology is shown in (Fig. 1). A team of several young graduate students under the leadership of two experts, one in the field of soldering process and second in the field of enterprise ontology, was established in order to study the ontological approach in quality areas. This team also gets a research grants targeted to this field.
According to our opinion mainstreaming of ontology approach in the FMEA procedure is a valuable contribution to the field of quality management in general. The results of this research have also been utilized in courses Management of Production Quality and Complex Quality Control provided by the department of Electro-Technology.
